Abstract In the past 15 years, the proteasome has been validated as an anti-cancer drug target and 20S proteasome inhibitors (such as bortezomib and carfilzomib) have been approved by the FDA for the treatment of multiple myeloma and some other liquid tumors. However, there are shortcomings of clinical proteasome inhibitors, including severe toxicity, drug resistance, and no effect in solid tumors. At the same time, extensive research has been conducted in the areas of natural compounds and old drug repositioning towards the goal of discovering effective, economical, low toxicity proteasome-inhibitory anti-cancer drugs. A variety of dietary polyphenols, medicinal molecules, metallic complexes, and metal-binding compounds have been found to be able to selectively inhibit tumor cellular proteasomes and induce apoptotic cell death in vitro and in vivo, supporting the clinical success of specific 20S proteasome inhibitors bortezomib and carfilzomib. Therefore, the discovery of natural proteasome inhibitors and researching old drugs with proteasome-inhibitory properties may provide an alternative strategy for improving the current status of cancer treatment and even prevention.
Introduction
The 26S proteasome is part of a cellular protein degradation pathway that plays a vital part in many cellular functions. Research into the inhibition of the proteasome for the purpose of anticancer therapy, particularly by chemical inhibitors, has yielded distinct and encouraging outcomes that are changing the status of cancer treatment.
The ubiquitin-proteasome system
The ubiquitin-proteasome system (UPS) (Fig. 1) is a vital proteolysis mechanism that is responsible for 80-90% of protein degradation in the cell [1] [2] [3] [4] . As a result, the UPS is essential to cellular homeostasis. The UPS is a protein-based cascade that is responsible for degrading proteins that are involved in many cellular events, including cell cycle progression, apoptosis, DNA damage/repair, endocytosis, drug resistance, angiogenesis, and cell differentiation [5] [6] [7] [8] [9] [10] [11] . In addition, research has shown that the UPS plays an important role in tumorigenesis and tumor survival [11] [12] [13] [14] .
The UPS contains two major steps. The first step is the covalent attachment of ubiquitin(s) to a protein substrate-a process called ubiquitination-and the second is the degradation of the substrate by the 20S proteasome [15] (Fig. 1) . The UPS has become a promising target for anti-cancer therapies in the last 20 years, and continuing research strengthens its potential as a target for cancer treatment and even prevention.
Ubiquitin conjugation
Ubiquitination, the first step in the UPS, is the conjugation of ubiquitin to a protein substrate. Ubiquitin is a small protein consisting of 76 amino acids. Ubiquitination is conducted by a series of enzymes belonging to three classes, known as E1, E2, and E3 ( Fig. 1 ). This cascade starts with the activation of ubiquitin. Using ATP to fuel the process, E1 adenylates ubiquitin to create a high-energy E1-ubiquitin thionene [16] . There are only two types of E1 enzymes, but each type can interact with one of the approximately three dozen E2 enzymes to continue the cascade [17] . This is important to help maintain the precise regulation necessary for the UPS to function.
There are~35 E2 enzymes [17] . They conjugate ubiquitin through transthioesterification [18] . This prepares ubiquitin for the E3 ligase. It is at this point that the activated, conjugated ubiquitin is attached to a substrate protein at a lysine residue. The substrate can receive either just one ubiquitin (monoubiquitination) or multiple ubiquitin molecules. Monoubiquitinated substrates are used in a variety of cellular processes, including cell signaling and histone modification [19, 20] . Typically, monoubiquitinated substrates are not thought to be degraded by the proteasome, although there is some suggestion that proteins shorter than 150 amino acids may be degraded after monoubiquitination [21] . Multi-monoubiquitination occurs when the substrate protein is monoubiquitinated at several different lysine residues [22] . Polyubiquitination, in contrast, is the result of additional ubiquitin molecules becoming attached to one of seven lysine residues on an ubiquitin monomer bound to the substrate. Proteins tagged with polyubiquitin chains, usually involving four or more ubiquitin molecules, may then go to the 20S proteasome for degradation [23] (Fig. 1 ).
Deubiquitinases
Deubiquitinases (DUBs) are enzymes that identify and then remove attached ubiquitins (deubiquitination) from substrate proteins and therefore help regulate the degradation of the substrates by proteasomes [24] . There are five types of DUBs: (i) ubiquitin-specific proteases (USP), (ii) ubiquitin carboxyl-terminal hydrolases (UCH), (iii) ovarian tumor-like, (iv) Machado-Joseph disease (MJD), and (v) JAMM (metalloprotease family) [25] . There are three DUBs present in the 19S proteasome: UCHL5 (UCH37) and USP14 are two cysteine proteases associated with some 19S subunits, while POH1 (RPN11) is a Zndependent metalloprotease and a permanent member of 19S. UCHL5 and USP14 mediate a stepwise removal of ubiquitin from the protein by disassembling the chain from its distal tip, whereas POH1 is the only essential DUB of 26S proteasome ( Fig. 2A) . Since there are several outstanding, comprehensive reviews on DUBs and their inhibitors in this special issue, we will not review this topic in detail. Fig. 1 The ubiquitin-proteasome system (UPS). The pathway begins with the conjugation of ubiquitin molecules to a substrate protein, forming a polyubiquitin chain through E1, E2, and E3 enzymes. The chain is then recognized and removed by the 19S lid of the 26S proteasome, followed by either release or degradation of the protein by the 20S catalytic core
The 26S proteasome
The 26S proteasome is a multi-subunit protease complex, with 44 polypeptides and a molecular weight of~2400 kDa [1] [2] [3] 26] . This ATP-dependent holocomplex is responsible for protein degradation, the second step of the UPS [27] . Typically, only polyubiquitinated substrates with chains of four or more ubiquitin molecules attached to the lysine sites (not K-63) without branching ultimately end up in the proteasome [28] . The 26S proteasome itself is a closely regulated multi-protein machine that is important to protein integrity, as it functions to degrade misfolded and damaged proteins [27] . Aside from its function in protein quality control, it is also pivotal to metabolic regulation and cell cycle-controlled antigen presentation. The 26S proteasome also degrades the proteins responsible for cellular regulation and apoptosis as well. The proteasome has varied forms. It can be constitutive (20S) or immunological (20Si); both forms have the same beginning. The expression of the 26S proteasome is directly linked to transcription factor Nrf1, and inhibition of Nrf1 was recently shown to suppress the 26S proteasome by Weyburne et al. [29] . The assembly of the proteasome is overseen mainly by two pairs of proteasome-assembling chaperone (PAC) facilitators, PAC1-PAC2 and PAC3-PAC4. These facilitators form the α-ring of the 20S core particle first. After the α-ring is created, the PACs use the α-ring to build the β-ring attached to it. At this point PAC3-4 is degraded. This half-assembled core particle is called the 15S. Eventually, two 15S particles will bind at their β-rings and form the 20S core particle, the type of β-subunits determining which form of proteasome will be made [30] . In the immunological 20Si, the active β-subunits β1, β2, and β5 are replaced with LMP2, MECL-1, and LMP7, respectively [31] . While little is understood about the assembly of the 19S lid and base, it is believed they are formed at this point, using the α-ring of the core particle as an anchor and possibly PAC1-PAC2 as well [32] .
The 26S proteasome, once its assembly is completed, is arranged so that the 19S ring proteins form a lid and a base for the 20S core particle (Fig. 2A) . The lid is arranged in helical bundles that form a horseshoe shape, with its spiral shapes made by aromatic, hydrophobic Bpore-loops.^The 19S is the gateway to proteolytic activity in the 26S [30] . The 19S lid is comprised of nine unique Rpn subunits [33] . It has three identified deubiquitinating enzymes (DUBs), which serve to cleave ubiquitin molecules from incoming ubiquitinated protein substrates: two cysteine DUBs, UCHL5/UCH37 and USP14/USP6, both of which act on the distal end of ubiquitin chains, and the metalloprotease RPN11, which engages in complete cleavage of the ubiquitin chain at the proximal end [34] . Other functions of the lid remain to be determined. The 19S base consists of ten subunits, six of which are AAA-ATPases. The base functions in recognition of ubiquitin chains on incoming protein substrates, as well as unfolding the proteins in preparation for proteolysis and opening a Bgate^formed by the 20S core particle's α-rings, thus allowing the protein to enter the core particle for degradation [33] .
The α-rings of the 20S admit substrates into the proteolytic core. Following ubiquitin tag recognition and the unfolding of the substrate protein, the protein passes through the α-ring of the 20S. A mature 26S has six proteolytic sites with three types of activities: trypsin (T)-like activity (cleavage after basic residue), chymotrypsin (CT)-like activity (cleavage after hydrophobic residue), and peptidyl glutamyl peptidehydrolyzing (PGPH)-like activity (cleavage after acidic residue) [30] . Here in the core, proteins are degraded via associated DUBs (Rpn11,  USP14 , and UCHL5) are pictured, as are the alpha and beta subunits which make up 20S core particle. b Bortezomib. c carfilzomib nucleophilic attack from the oxygen atom on the side chain of the N-terminal threonine (Thr1O γ ) of each subunit. Proteins are cleaved into oligopeptides ranging in length from three to 15 amino acids [33] (Fig. 2) . Some proteasome inhibitors, such as the FDA-approved bortezomib, work by binding to one of these catalytic subunits and impairing the proteasome's ability to degrade proteins [35, 36] .
Proteasomes and cancer
Cancer cells are generally distinguished by one or both of two homeostatic instabilities: they can have rampant cellular proliferation, and/or a distinct lack of apoptosis [37] . The proteasome is closely involved in many regulatory pathways within the cell, including proliferation and apoptosis. Elevated levels of 26S proteasome, as well as unusually high levels of proteasome activity, have been detected in several different types of cancer [38] [39] [40] . High proteasome activity seems to be important for cancer cell survival, as it likely aids in protection against apoptosis pathways and ridding the cell of damaged proteins [40] . Therefore, inhibition of the proteasome is an area of interest in cancer research. Proteasome inhibition has been shown to induce apoptosis in a variety of cancers, and some studies have shown cancer cells to be more sensitive to proteasome inhibition than normal cells [41] [42] [43] [44] . The molecular mechanisms by which proteasome inhibitors could selectively target tumor cells have been widely studied, including those below.
Increasing oxidative stress in cancer cells via proteasome inhibitors
Enhanced proliferation can result in higher levels of reactive oxygen species (ROS) in cancer cells, leading to oxidative stress. Oxidized proteins can become toxic to cells and must be degraded. Proteasome inhibition may in some cases further increase oxidative stress in cancer cells, leading to cell death [45, 46] . Interestingly, the 20S proteasome is unusually resistant to oxidative stress compared to the 26S proteasome, allowing it to function in degradation of oxidation-damaged proteins even in conditions of high oxidative stress [47] . This resilience would be useful in cancer cells exhibiting higher levels of oxidative stress and could make the proteasome a good target for anti-cancer therapy.
Selective apoptosis induction in cancer cells via proteasome inhibitors
Apoptosis, a highly conserved function, is a two-stage process (commitment and execution) that is committed by proteases of the caspase class. The UPS is important to this process because it affects a cell's sensitivity to apoptosis through regulation of the levels of proteins that are involved in the control of apoptosis. Apoptosis dysregulation is a factor in many human diseases, including cancer, as mentioned before. It has been shown that proteasome inhibitors induce apoptosis in a variety of cancer cells, sometimes in a cancer cell-specific manner [48] [49] [50] . Proteasome inhibition has also been shown to cause cell cycle arrest [51, 52] . In some cases, proteasome inhibition may even induce apoptosis in proliferative cells while protecting quiescent cells [53] . The mechanism through which proteasome inhibitors induce apoptosis is an area of study, and studies have suggested that these mechanisms may involve an increase in levels of tumor suppressor p53 and an increase in cell cycle regulator p27, as well as a decrease in anti-apoptotic protein Bcl-2 [54] [55] [56] . The apparent preference for inducing apoptosis in cancer cells makes proteasome inhibition potentially less toxic to non-malignant cells than other cancer therapies and is therefore an attractive solution.
Proteasome inhibitors in clinical studies
There are five main types of proteasome inhibitors, classified by how they interact with the active site threonine residue. The five types are as follows: (i) peptide aldehydes, (ii) peptide boronates, (iii) peptide vinyl sulfones, (iv)peptide epoxyketones, and (v) β-lactone. All of the Bpeptide^proteasome inhibitors' moieties are required for binding to the substrate Bpockets^in the 20S core particle. Peptide aldehydes are quite unstable and easily oxidized into inactive acids, thus limiting their capability to specifically inhibit the 20S proteasome (though they sometimes also inhibited serine and cysteine proteases). Peptide boronates have experienced more success, especially as small molecule 20S proteasome inhibitors [57] .
Some early clinical UPS inhibitors include immunomodulatory imide drugs (IMiDs). Cereblon, the original target for the IMiDs, is a cullin-RING E3 ligase. By controlling which proteins are tagged and transferred to the proteasome, the function of the 26S proteasome is consequently inhibited [58, 59] . E3 ligases fall into four classes: (i) really interesting new gene (RINGs) (which target proteins and mediate the transfer of ubiquitin from an E2), (ii) E6-AP carboxyl-terminus (HECTs (which are homologous to E6 and transfer ubiquitin to their own cysteine residues and then to a substrate), (iii) the U-boxes (which behave like RINGs), and (iv) the RING-inbetween-RINGs (which behave like hybrids of RINGs and HECTs). Some IMiDs, thalidomide, lenalidomide, and pomalidomide are used in combination with proteasome inhibitors, resulting in enhanced therapeutic effects [14, 60] .
Bortezomib (BTZ, Fig. 2B ) was the first FDA-approved proteasome inhibitor. Approved in 2003 for the treatment of multiple myeloma, it falls under the peptide boronate category of proteasome inhibitors and binds reversibly to the 20S proteasome via its boron atom. It has been shown to inhibit the β5 subunit of the 20S core particle in the 26S, thus reducing its CT-like activity [57] . Importantly, BTZ can also increase sensitivity to other chemotherapeutic drugs and radiation, useful in light of the problem of drug resistance in cancer [61] . However, BTZ has a number of side effects, including thrombocytopenia and peripheral neuropathy [62] . Additionally, resistance to BTZ, whether initial or after treatment with the drug, is also a major issue in the clinic [63] .
In 2012, carfilzomib (CFZ, Fig. 2C ), a second-generation proteasome inhibitor, was approved. Different from BTZ, CFZ is an irreversible proteasome inhibitor that binds to the 20S proteasome and falls into the peptide epoxyketone class [14, 60] . It was designed in an effort to address resistance to BTZ as well as to try to avoid some of its side effects, though CFZ does have side effects of its own. Indeed, carfilzomib does show efficacy in BTZ-refractory multiple myeloma patients [64] . However, a recent trial suggests that CFZ may not be as effective when used alone compared to when used in combination with dexamethasone [65] . Patients who exhibited resistance to BTZ may also develop eventual resistance to CFZ as well, highlighting a need for more therapeutic agents for these patients [66] . It should also be noted that BTZ and CFZ are mainly used for the treatment of hematological tumors, not solid tumors. Therefore, new proteasome inhibitors are needed for the treatment of solid cancers.
3 Natural compounds and repurposed drugs with proteasome-inhibitory activity Traditional chemotherapeutic agents, though effective, have some problems. They are often expensive to develop and result in high costs per dose. Due to toxicity, they can have a variety of side effects, some of which can be severe and affect quality of life. Additionally, many patients develop resistance to chemotherapy. Therefore, there is an urgent need for the development of new drugs to either overcome resistance or enhance sensitivity to existing drugs. In light of the issues posed by traditional anti-cancer drugs, many researchers are interested in finding ways to develop safer, more economical therapeutic agents.
One area of drug development that has garnered great interest recently is through the use of natural compounds. These come from a variety of sources, including traditional Chinese medicine, herbs, and even diet. Often, these natural compounds have been in use already for centuries, especially in the case of traditional Chinese medicine, meaning their safety profile can be well known. Additionally, they are sometimes less toxic than current chemotherapy drugs and radiation. These factors, along with their wide availability around the world, suggest that potentially these natural compounds may be used as a part of combination treatment therapies. Natural compounds can be used synergistically to enhance the effect of current anti-cancer therapies and aid in overcoming chemodrug resistance, and they can also be used as a starting point for the design of new drugs via the development of modified prodrug or synthetic analog versions of their natural counterparts.
In addition, one creative way researchers avoid high-cost and the time-consuming issues of new drug discovery/ development is through old drug repurposing, in which a drug that is already approved for the treatment of another disease or condition is studied for treatment of a different disease, such as cancer. This is often a faster, more economical way of bringing a drug to new treatment-drugs that are already approved come with an established safety profile, and effective dosage is already known. This cuts development time (and therefore cost) down greatly and can potentially identify drugs that may be safer to use than traditional chemotherapy. Here, promising research on natural compounds and some repurposed drugs as anti-cancer therapies is reviewed comprehensively, with a focus on their molecular targets and potentials for cancer treatment and prevention.
Flavonoids
It is well known that a diet rich in fruits and vegetables is healthier for a variety of reasons. One such reason is the enriched levels of flavonoids present in fruits, vegetables, and other plant materials, a class of molecules characterized by polyphenol rings. In recent years, flavonoids have garnered attention for their various beneficial effects in humans, including anti-oxidant, anti-inflammatory, and anti-cancer properties. Many flavonoids have been researched in preclinical and clinical studies as potential drugs for the prevention and treatment of various diseases, including cancer.
Tea polyphenols
One area of great interest is tea polyphenols. Tea is an extremely popular beverage worldwide, and studies have shown that drinking tea can be beneficial for cancer prevention. Available in a variety of different leaf types, tea is inexpensive, easy to prepare, and rarely has any negative effect on the drinker-in fact, drinking tea boasts a plethora of beneficial health effects [67] . This, combined with the efficacy of tea polyphenols in research studies involving cancer models, makes them of great interest as potential drug candidates for anti-cancer therapy.
One such study examined several similar tea polyphenols.
and (−)-catechin (C). It was hypothesized that polyphenols that included an ester bond would be able to inhibit the proteasome, but polyphenols without the ester bond would not. To test this, the CT-like activity of purified 20S proteasome in the presence of each polyphenol was determined first. As predicted, the ester bond-containing polyphenols (EGCG, EGC, GCG, and CG) were able to potently inhibit CT-like activity in vitro (EGCG being by far the most potent), while the compounds that did not contain an ester bond (EC, GC, and C) were not. This indicated that the ester bond was essential for proteasome inhibition by the tea polyphenols [68] . Next, the compounds were analyzed in silico for their susceptibility for nucleophilic attack by the proteasome, a factor used to predict the ability of the compound to bind with and subsequently inhibit the proteasome. EGCG was found to be the most susceptible to nucleophilic attack, though the other ester bondcontaining compounds were highly susceptible as well. The non-ester bond-containing polyphenols, on the other hand, had low susceptibility to nucleophilic attack. Following this, EGCG and EGC were tested in Jurkat T cell extract. EGCG was able to inhibit the 26S proteasome, while EGC was not. Furthermore, EGCG affected only the CT-like activity and PGPH activity of the 20S proteasome, indicating that it was a specific inhibitor [68] . Finally, EGCG and EGC were tested 
in intact Jurkat T cells, where again, EGCG was a potent inhibitor of the 26S proteasome and EGC was not (as measured by inhibition of chymotrypsin-like activity). It was also tested in MCF-7 breast cancer cells and PC-3 and LNCaP prostate cancer cells, where similar results were observed [68] . Additionally, based on observed accumulation of proteasome target proteins p27 (Kip1) and I K B-α in response to EGCG treatment in Jurkat T cells, it was hypothesized that EGCG should cause G 1 phase cell cycle arrest due to accumulation of these proteins in treated cells, since overexpression of the proteins can suppress the transition from G 1 to S phase. Indeed, a 12-h EGCG treatment was able to induce G 1 arrest in Jurkat T cells and LNCaP cells, which correlated with an increase in p27 (Kip1) and I K B-α. Finally, EGCG-induced G 1 arrest was tested in an SV40-transformed human fibroblast line (VA-13) alongside the normal, untransformed line (WI-38). The accumulation of p27 (Kip1) and I K B-α was observed in VA-13 cells, along with an increased population of cells in G 1 phase, indicating G 1 arrest. In contrast, the WI-38 untransformed cells showed no increase in p27 (Kip1) and only low levels of I K B-α, and they were much less sensitive to G 1 arrest [68] . Overall, this study showed that the ester bond is an essential factor for EGCG's inhibitory properties, and that it is a potent and specific proteasome inhibitor when tested with purified proteasomes and in cultured cells. Furthermore, EGCG seemed to have little effect on normal, untransformed cells, indicating that it could potentially be a safe and relatively non-toxic treatment for cancer [68] .
Though potent both with purified 20S proteasome and in a variety of cell lines as described above, one drawback to EGCG is its poor bioavailability in humans. This is due to both EGCG's instability at physiological pH and its susceptibility to modification by catechol-O-methyltransferase (COMT), which is known to methylate EGCG. In humans, the level of COMT activity is determined by a polymorphism in the gene for COMT, which results in three phenotypes: high COMT activity, moderate COMT activity, or low COMT activity [69, 70] . A 2010 study hypothesized that breast cancer cells with high COMT activity would be less sensitive to EGCG treatment, but that COMT inhibition could reverse this [71] . To test this idea, MDA-MB-231 breast cancer cells with high COMT expression were treated with EGCG alone, a COMT inhibitor dinitrocatechol (DNC) alone, or a combination of the two. Both EGCG alone and DNC alone decreased COMT activity (providing further evidence that EGCG is a COMT substrate), but together further decreased COMT activity. The combination treatment also enhanced EGCG's proteasome-inhibitory effect (DNC alone had no effect in terms of proteasome inhibition). Combination treatment also increased caspases 3 and 7, both biomarkers of apoptosis, and induced apoptotic cellular morphological change. Finally, when normal, non-transformed cell lines were treated in comparison to tumor cell lines, very little effect was seen with combination treatment, while tumor cells showed a decrease in viability. Hence, COMT is likely responsible for EGCG's low bioavailability in humans, since COMT inhibition can enhance the effects of EGCG in cancer cells [71] .
One method for circumventing the effects of COMT methylation is through the design of synthetic analogs of EGCG. Another 2010 study investigated several synthetic analogs: 5, a symmetrical analog of EGCG; 7, similar to 5; and a prodrug of each (6 and 8, respectively) [72] . (Please note that the numbers of the analogs were originally from the publication [72] ; for chemical structures of these compounds, please see the original paper). The prodrugs were acetylated versions of each analog. An acetylated version of EGCG, called 4, was also designed. First, the compounds were tested to examine their ability to inhibit purified 20S proteasome via a CT-like activity assay. None of the peracetates were able to inhibit the 20S proteasome, but EGCG's analog, compound 5, caused inhibition. 5's activity was the best, followed by EGCG and compound 7. Next, compounds 5 and 7 were tested alongside EGCG, which was used as a comparison control in MDA-MB-231 cells with high COMT activity. In this case, compound 7 most potently inhibited the 26S proteasome, followed by 5 and then EGCG. This suggested that EGCG and compound 5 are substrates of COMT. To confirm this, the researchers co-treated the cells with a COMT inhibitor (DNC) and found that the effects of EGCG and compound 5 were improved, while that of compound 7 remained the same. This indicated that compound 7 was more resistant to COMT methylation than the other two. Next, the compounds and their peracetate prodrugs were tested in cells to investigate whether any of them caused growth inhibition. It was found that the peracetates (6 and 8) did indeed cause growth inhibition. When compared with EGCG's peracetate, 4, both 6 and 8 outperformed it, with 8 being the most potent. When this experiment was repeated in the presence of DNC, the growth inhibition caused by compounds 4 and 6 improved, but 8 did not, indicating that compound 8 is the least susceptible to COMT methylation in cells [72] .
To further understand the mechanism behind the reduced susceptibility of EGCG's synthetic analogs to COMT methylation, another study was done using compounds 5 and 7, in addition to compounds 16 and 21 (based off of 5 and 7, respectively, but each missing a gallate group) [73] . First, each compound was analyzed to determine how many sites for nucleophilic attack it possessed. Compounds 16 and 21 only had one site for nucleophilic attack each, but compounds 5 and 7 had two, suggesting that they may be more susceptible to nucleophilic attack by the β5 subunit of the 20S proteasome (and hence more likely to bind tightly). To further investigate this, docking studies to the β5 subunit (which is responsible for CT-like activity) were performed for each compound. Due to its equally spaced hydroxyl and carbonyl groups, compound 7 was able to take on a very stable binding conformation and also had the lowest free energy. It was followed by compound 5, which had slightly higher free energy, likely due to its two extra hydroxyl groups, which could hinder its ability to bind as well as 7. Compounds 16 and 21 adopted a docking conformation that was very different from compounds 5 and 7, due to each missing a gallate group, and this resulted in much higher free energy. Therefore, these compounds were less likely to bind to the β5 subunit. Ultimately, this study suggested that compound 7, which was proven to be more resistant to COMT methylation than EGCG in the previous study, is also more likely to bind tightly to the β5 subunit of the 20S proteasome, matching its performance in in vivo studies. Therefore, design and in silico study of synthetic EGCG analogs could prove to be a good route for circumventing EGCG's shortcomings in terms of COMT methylation [73] .
Soy isoflavones
In addition to tea polyphenols, there are many other flavonoids being studied for the treatment and prevention of cancer, including some that may also target the 26S proteasome. One well known category of flavonoids is soy isoflavones. These are found in products made from the soybean plant, which includes soymilk, tofu, vegetarian meat imitation products, and of course, soybeans themselves, which are commonly eaten as snacks like edamame [74] . One particular soy isoflavone, genistein (Fig. 3b) , is currently of interest because of its ability to prevent the growth of tumor cells. Genistein's mechanism in this regard was relatively unknown, but one study found that it is a potent inhibitor of the proteasome and may induce apoptosis via this route [75] . In silico studies showed that genestein can indeed bind to the β5 subunit of the 20S proteasome, suggesting that it could inhibit CT-like activity. When used in LNCaP prostate cancer and MCF-7 breast cancer cells, genistein was able to inhibit the proteasome as predicted. This was evidenced by the accumulation of ubiquitinated proteins along with proteasomal target proteins p27 (Kip1) and I K B-α, an indication of proteasome inhibition. Increased levels of Bax indicated induction of apoptosis in the genistein-treated cells. Interestingly, genistein showed selectivity in simian virus-40 transformed fibroblasts over normal human fibroblasts, causing proteasome inhibition only in the transformed cells [75] .
A second study showed that genestein and some other flavonoids, all extracted from the stem of Spatholobus suberectus, were able to inhibit the CT-like activity of the 20S proteasome. Seven compounds were tested, and of those, three were found to have good inhibitory activity in purified 20S proteasome. Those compounds were genestein, isoliquiritigen, and 7-hydroxyflavanone, and they showed a dose-dependent inhibitory effect when tested on the 20S proteasome using a proteasome inhibitor, epoximicin, as a positive control [76] .
Other dietary flavonoids
Dietary flavonoids can come from a variety of sources, mainly plant products. The roots, barks, leaves, seeds, and flowers of many plants can be eaten raw, used as a tea, or made into other food products. Some people may get dietary flavonoids via a dietary supplement, though a common source of dietary flavonoids for people around the world is simply through the consumption of fruits and vegetables, which are part of a healthy diet [77] . One study examined four different dietary flavonoids to determine whether they could inhibit the proteasome and induce apoptosis in cancer cells [78] . The dietary flavonoids included myricetin, kaempferol, apigenin, and quercetin ( Fig. 3c-f) , all of which can be found in a variety of fruits and vegetables (though apigenin can also be found in particular abundance in the flowers of the chamomile plant, which is often prepared as a tea [79] ). The compounds were first studied to determine whether they could inhibit purified 20S proteasome, followed by experiments with Jurkat T cells to determine whether they could inhibit the 26S proteasome in intact cells. CT-like activity was measured in both cases. Next, levels of proteasome target proteins Bax and I K B-α were measured in intact Jurkat T cells as an indicator of proteasome inhibition, as well as apoptotic proteins caspase-3 and PARP. In all experiments, apigenin and quercetin were far more potent than the other two dietary flavonoids in terms of proteasome inhibition and induction of apoptosis. When docked to the β5 subunit using docking software, apigenin and quercetin were much more likely to bind than kaempferol or myricetin as well, indicating that the 20S proteasome is likely their target. Lastly, when apigenin was tested in normal, nontransformed cells, no proteasome inhibition or apoptosis induction was observed as it was with the cancer cells, suggesting that apigenin is selective towards cancer cells [78] . Apigenin has also been studied in breast cancer cells, where it showed similar effects, as well as a mouse model, where mice were given MDA-MB-231 breast cell tumors and then treated with apigenin. In this in vivo experiment, when the tumors reached sizes of~120 mm 3 on average, the mice were randomly grouped and were treated by daily subcutaneously injection with 25-or 50-mg/kg apigenin, or vehicle for 29 days, resulting in 22% growth inhibition in the 25-mg/kg apigenin-treated tumors (P < 0.05) and to 43% growth inhibition in the 50-mg/kg apigenin-treated tumors (P < 0.01), respectively [80] . Apigenin not only resulted in significantly smaller tumors in the mice but also inhibited proteasomal chymotrypsin-like activity in tumors grown in the mice. Furthermore, apigenin treatment caused no apparent toxicity issues in the mice, indicating that it could be a safe and selective treatment to develop for cancer therapy [80] .
Medicinal compounds
Traditional Chinese medicine has been a unique source for compounds being studied for the treatment and prevention of many diseases, including cancer. The medicinal compounds used in traditional medicine are usually isolated from herbal plants native to China and have been used throughout history for the treatment of a variety of ailments. Chinese herbal medicine is unique in that it is typically prepared as a combination of a variety of different herbs that may work together, rather than a single formulation, perhaps foreshadowing their ability to work synergistically with existing pharmaceutical drugs [81] . While natural compounds including herbs are safe to consume, they can have side effects (like any other drugs), which are often the result of improper use or dosage [82] . Thus, it is important that these traditional medicines are studied further. Though many of these medicines have been used for centuries, their mechanisms in vitro and in vivo are now under investigation in order to shed more light on their anti-cancer properties and molecular targets (such as 19S or 20S proteasomes).
Celastrol
Celastrol (Fig. 3g) , a compound from the root bark of a Chinese plant known as the BThunder of God Vine,^is one such herb that has been associated with anti-cancer properties and has been investigated for its mechanism of action in a variety of research studies [83] [84] [85] . Celastrol has been identified as a proteasome inhibitor in one such study [86] . Traditionally used for the treatment of many inflammatory conditions, this study first noted that celastrol is similar in structure to quercetin, a dietary flavonoid mentioned above. It was tested in comparison to oridonin, a compound extracted from another Chinese plant that was predicted to have low proteasome-inhibitory activity based on computational docking studies. In purified 20S proteasome, celastrol selectively inhibited CT-like activity, while oridonin had very little inhibitory activity even at high concentrations. The same inhibitory effects from celastrol, but not oridonin, were observed in intact PC-3 prostate cancer cells, along with increased level of proteasome target proteins. Caspase-3 levels also increased in addition to PARP cleavage, indicating induction of apoptosis by celastrol. Next, celastrol was tested in AR-positive LNCaP prostate cancer cells, where it was able to inhibit the proteasome and caused a decrease in AR levels [86] . This finding was significant due to AR's role in driving prostate cancer cell growth [87] . In mice growing PC-3 prostate tumors, celastrol was also able to decrease cancer growth [86] . In these experiments, celastrol, injected subcutaneously, was used at 1-3 mg/kg/day for up to 31 days, resulting in 65 to 82% inhibition.
Celastrol has also been shown to work synergistically with existing proteasome inhibitors, a factor which could make it very useful clinically. A 2009 study showed that celastrol, along with pristimerin, could enhance the effects of temozolomide in several melanoma lines [88] . In a temozolomideresistant line, SK-MEL-173, both combination therapies were more effective in inhibiting cell proliferation than temozolomide alone. When tested in four other resistant melanoma lines, the celastrol/temozolomide combination resulted in a decrease in the IC 50 of temozolomide in each line. Resistant SK-MEL-173 cells were also tested to determine whether celastrol could inhibit the proteasome. To do this, the cells were treated with celastrol and then studied via western blot analysis to look for accumulation of ubiquitinated proteins. Indeed, an accumulation of ubiquitinated proteins was observed, along with an accumulation of proteasomal substrate I K B, indicating that the proteasome was inhibited. Since I K B phosphorylation is the precursor to NF K B activation, which regulates gene expression in the nucleus, this study also examined NF K B's role in celastrol's mechanism of action. It was found that when melanoma cells were pretreated with celastrol, followed by temozolomide treatment shortly thereafter, I K B phosphorylation was inhibited, thus inhibiting the activation of NF K B. Though NF K B expression levels did not decrease, it was found that its translocation to the nucleus, an essential step for NFKB to affect gene expression, was blocked. This could further explain celastrol's mechanism of action for decreasing cell proliferation in otherwise resistant melanoma lines [88] .
Pristimerin
Pristimerin (Fig. 3h) , the methyl ester of celastrol, is another natural Chinese compound that has been studied for use in cancer treatment. Also used traditionally to treat inflammation, pristimerin was found to bind tightly to the β5 subunit in docking studies and successfully inhibited purified 20S proteasome and 26S proteasome. Like celastrol, it was able to decrease AR levels in PC-3 prostate cancer cells, in addition to several other AR-positive lines. Overall, pristimerin was found to inhibit proteasome activity and cause apoptosis via AR inhibition [89] .
Triptolide
Triptolide (Fig. 3i ), yet another compound isolated from the Chinese BThunder of God Vine,^also shows proteasomeinhibitory activity. When used in PC-3 prostate cancer cells and MDA-MB-231 breast cancer cells, triptolide potently inhibited cell growth, with the breast cancer line being slightly more responsive to treatment than the PC-3 cells [90] . Unlike celastrol and pristimerin, triptolide did not show any activity towards purified 20S proteasome, an outcome that was predicted by docking studies. However, triptolide was able to potently inhibit the CT-like activity of the proteasome in intact PC-3 cells in both a dose-dependent and time-dependent manner. Furthermore, it was able to induce apoptosis in both PC-3 cells and MDA-MB-231 cells-again, the breast cancer cells were more responsive. The authors of the study propose two possible explanations for why triptolide does not inhibit purified proteasome but can inhibit the proteasome in intact cells. First, some bonds within the triptolide molecule could hinder its ability to bind to the β5 subunit of the 20S proteasome. Second, triptolide could inhibit other subunits of the 26S proteasome besides the 20S subunit. The authors suggest that modified forms of triptolide could prove to be very effective anti-cancer drugs [90] .
Shikonin
Shikonin (Fig. 3j) is a medicinal compound extracted from the root of Lithospermum erythrorhizon, an herb which has been used for centuries in Chinese medicine for the treatment of burns, cuts, and lesions caused by disease. In research today, it is known to cause apoptosis in a variety of cancer cell lines. Though shikonin advanced to clinical trials, its mechanism for inducing apoptosis was unknown. A 2009 study indicated that shikonin could inhibit the 26S proteasome in both human PC-3 prostate cancer cells and murine hepatoma H22 lines in a dose-dependent manner [91] . Shikonin also induced apoptosis in these cell lines. It was also shown that proteasome inhibition precedes cell death. Finally, in an in vivo experiment with a mouse model, mice were injected with P388 leukemia cells. While all control mice died within 23 days, all but one shikonin-treated mouse survived to the end of the experiment at 28 days [91] .
Withaferin A
Withaferin A (Fig. 3k) is a steroidal lactone extracted from the leaves of the Withania somnifera plant, also known as the Indian winter cherry. The plant has been used in Southeast Asia for millennia towards a vast variety of applications in traditional medicine, ranging from tumor and wound care to the promotion of youth [92] . Like the other compounds discussed, withaferin A has been investigated for its antitumor effect in an effort to elucidate its effectiveness and mechanism of action. A 2007 study found that the compound potently inhibits the 20S proteasome, with the β5 subunit as its target [93] . Initial computer docking studies indicated that withaferin A could bind to the β5 subunit of the 20S proteasome, thus inhibiting its CT-like activity. Indeed, when tested in vitro with purified 20S proteasome, inhibition of CT-like activity was observed. A similar effect was seen in vivo in PC-3 prostate cancer xenografts treated with withaferin A. Induction of apoptosis was also observed in these cells, as distinguished by western blotting for apoptotic biomarkers. Following treatment with withaferin A, an increase in caspase-3 and PARP was observed following proteasome inhibition, with morphological changes occurring in the cells as well. Similar results were observed in LNCaP cells, along with a time-dependent increase in ubiquitinated proteins and a decrease in androgen receptor expression. Lastly, a human PC-3 xenograft was created in mice. Mice treated with withaferin A had much smaller tumors when compared to the control mice, with one treated mouse becoming tumorfree. Tumor samples were analyzed following the experiment, and decreased chymotrypsin-like activity was observed along with increased ubiquitination of proteasome target proteins Bax, IκB-α, and p27. Caspase-3 was found to be increased, and immunostaining of the tumor samples detected apoptotic cells [93] .
Curcumin
Curcumin (Fig. 3l) , a compound found in turmeric, is of particular interest in cancer research currently. Used in both Asian cuisine and medicine for centuries, it is a spice used around the world today. Recently, interest in curcumin has spiked as its many beneficial effects are becoming more apparent in research studies, and it is still widely used in a medicinal context in India [94] . Curcumin has shown good anti-cancer properties, especially in colon cancer models. The mechanism of curcumin's action against colon cancer is a prominent area of research, and it has been reported that the proteasome is a target of curcumin.
A study on curcumin and its involvement with the proteasome found that curcumin was susceptible to nucleophilic attack at two carbonyl carbons and was therefore able to bind to the β5 subunit in an in silico model [95] . In purified 20S proteasome, it was able to inhibit not only CT-like activity but also trypsin-like and PGPH-like activity (though to a lesser extent than chymotrypsin-like activity). When tested in two human colon cancer lines, HCT-116 and SW480, it was found that curcumin was able to inhibit CT-like activity in a dosedependent manner and could induce apoptosis in the cells, as evidenced by accumulation of apoptotic proteins. The study also examined whether curcumin causes G 1 arrest but did not find any significant evidence of this, which indicated that proteasome inhibition does indeed cause cells to undergo apoptosis. Lastly, a mouse model injected with HCT-116 cells was found to have smaller tumors with diminished chymotrypsin-like activity and signs of apoptosis. In this in vivo experiment, curcumin was used at 500-mg/kg body weight given intragastrically every day for 3 weeks, resulting in 40% inhibition of tumor growth. Interestingly, curcumin also showed a decrease in biomarkers for cell proliferation in the tumor cells, indicating that curcumin was able to slow the growth of tumor cells [95] .
Like EGCG (BTea polyphenols^), curcumin does have some issues with bioavailability in humans, in addition to having poor solubility in water. In light of this, a 2010 study attempted to circumvent these issues through the design of curcumin analogs and water-soluble amino acid conjugates [96] . A monoacetate and a diacetate of curcumin were designed first, and their effects on HCT-116 and SW480 colon cancer cell proliferation were tested alongside curcumin. In the HCT-116 cells, all compounds had similar effects, but in the SW480 cells, curcumin monoacetate was less effective than the other two. Measurement of CT-like activity showed that the acetates were much less potent in terms of proteasome inhibition. Next, four different amino acid conjugates of curcumin (bisglycinoylcurcumin dihydrochloride salt, 10; bisalaninoylcurcumin dihydrochloride salt, 11; bisvalinoylcurcumin dihydrochloride salt, 12; and a poly-Lglutamic acid conjugate of curcumin, 13) were tested alongside curcumin for their ability to inhibit purified 20S proteasome. All of the amino acid conjugates proved to be more potent inhibitors of the 20S proteasome than unmodified curcumin, 13 being the most potent. Next, the conjugates were tested in LNCaP prostate cancer cells to determine their effect on cell proliferation. In contrast to the in vitro experiment, compound 13 was the least potent inhibitor. All of the other conjugates, which are water-soluble, outperformed both 13 and unmodified curcumin. Following this, conjugates 10-12 were tested in PC-3 and LNCaP cells, where they were found to inhibit CTlike activity. As an explanation for why 13 performs well in vitro but not in vivo, the authors suggest that this may be due to 13's high molecular weight, which could make it difficult for the conjugate to enter the cells. Overall, the data from this study suggests that water-soluble amino acid conjugates of curcumin could be a good way to harness its anti-cancer effects for human treatment [96] .
Similarly, a recent study showed that 4-arylidene analogs of curcumin could have potent inhibitory effects on the proteasome [97] . A particularly potent analog, named 33, was able to specifically inhibit two of the 19S DUBs (USP14 and, to a lesser extent, UCHL5). IC 50 data for the DUBs was significantly lower than that of the 20S core particle when treated with 33. As a result, the proteasome was inhibited, as shown by elevated levels of ubiquitinated proteins in cells. Cell studies using A549 cancer cells and normal HLF cells showed that 33 induced apoptosis in both lines, but to a lesser extent in the normal HLF line, suggesting some selectivity. Like celastrol, 33 was also found to inhibit the nuclear translocation of NF K B via an increase in ubiquitinated I K B [97] . Deubiquitination of I K B and its subsequent proteasomal degradation is necessary for the translocation of NF K B to the nucleus and thus its ability to regulate gene expression [98] . This could further explain 33's mechanism of proteasome inhibition and its consequences relating to apoptosis in cancer cells [97] .
Gambogic acid
Gambogic acid (GA) (Fig. 3m) is the principal pigment of gamboge resin of several Garcinia species, which has been used as traditional Chinese medicine for the treatment of human diseases including cancer for many years [99] . GA has been approved by the Chinese Food and Drug Administration for the treatment of multiple cancers in clinical trials [100] . Even though several potential molecular targets of GA have been reported, its molecular targets have not been clearly elucidated. It has been reported that GA inhibits tumor proteasome activity, with potency comparable to bortezomib, but with less toxicity [101] . It was further confirmed that GA gains the proteasome-inhibitory function after being metabolized by intracellular CYP2E1 [101] . The expression of the CYP2E1 gene is very high in tumor tissues but low in many normal tissues, thus producing tissue-specific proteasome inhibition and tumorspecific toxicity. These have been demonstrated in other cancer cell models [102, 103] .
Metal complexes
Metallic complexes are of growing interest in the field of cancer therapy. Metal ions have been shown to bind with nucleic acids or proteins, altering their conformation and biological functions [104] . Since the approval of the platinum complex cisplatin in 1978, metals have become an attractive tool for potential anti-cancer drugs. However, cisplatin and its subsequent platinum derivatives (e.g., carboplatin and oxiplatin) have shown severe side effects such as neuron and nephrotoxicity, ototoxicity, and electrolyte disturbances [105] . Therefore, novel metallic complexes are needed.
Gold complexes
The use of gold in anti-cancer therapy arose from the antiinflammatory properties attributed to gold compounds, as well as the structural similarity of Au(III) to cisplatin-the centers of both Au(III) and Pt(II) share a d 8 electronic configuration, and therefore they both give rise to square planar complexes [105] [106] [107] . Au(III) dithiocarbamates of simple amines and oligopeptides inhibit both the proliferation of breast cancer cells in vitro and tumor growth in vivo by inducing apoptosis [13, 107] . Notably, the treatment of human xenografts with this class of metal complexes resulted in inhibition of tumor proteasome in vivo [107] .
Auranofin (Aur) is a gold(I)-containing compound, which has been used clinically to treat rheumatic arthritis for more than 30 years. Since Aur also has anti-cancer effects with less toxicity compared to currently used chemotherapeutic agents, Aur was recently approved by FDA for phase II clinical trial in cancer therapy [108, 109] . Even though several potential molecular targets for the anti-inflammatory and anti-cancer activities of Aur have been reported, only recently it was found that Aur inhibits the 26S proteasome but not 20S proteasome peptidases, a mechanism different from the FDAapproved proteasome inhibitor bortezomib [110] [111] [112] . Molecularly, Aur inhibits 19S-associated DUBs USP14 and UCHL5 [111, 112] . A computational study predicted the docking between Aur and the 19S-associated DUBs [111] . It was found that compound L2 (an active metabolite of Aur) could bind to the active site of UCHL5 with relatively high CDOCKER Energy of − 14.51 kcal/mol; the binding model shows that the side chains of His164, Phe165, and Asp179 of UCHL% active site can coordinate to Au + with distances of 3.181, 2.537, and 2.776 Å, respectively. Moreover, two ethyl groups stretch towards hydrophobic side chains of Phe79 and Leu179. When compound L2 was docked to the active site of USP14, there were three ligand-poses produced, suggesting that compound L2 could also inhibit USP14 activity but relatively less than UCHL5. Furthermore, Aur showed selective toxicity and accumulation of ubiquitinated proteins to the monocytes from AML patients over monocytes from healthy volunteers [111] . These results demonstrate that low-toxicity nature of Aur could be related to its tumor-selective effects in terms of DUB inhibition and growth suppression [111, 112] . Please see another review on BMetal-based 19S proteasomeassociated deubiquitinase inhibitors as potential anti-cancer agents^in the same special issue for details. Additionally, it was recently found that that the proteasome inhibition is required for Aur-induced cytotoxicity, unveiling a novel mechanism for the anti-cancer effects of Aur [111, 112] .
Organic tin complexes
Organotin compounds have been well-documented in their biocidal uses but have also become of interest as cancer therapy [113] [114] [115] . A 2009 study examined the effect of two organotin compounds, triphenyltin (TPT) and tributyltin (TBT), on breast cancer cells [116] . The compounds were first studied using purified 20S proteasome to determine whether they could inhibit proteasomal activity in vitro. It was found that both compounds could inhibit CT-like activity, but TPT was far more potent. Computer docking studies further validated this claim. Next, the compounds were tested in MDA-MB-231 breast cancer cells, where both TBT and TPT were found to inhibit the CT-like activity of the proteasome in these cells, TPT again being the most potent. Consistent with the conclusion of TPT as a potent 20S proteasome inhibitor and apoptosis inducer, after TPT treatment of Jurkat T cells, elevated levels of ubiquitinated proteins (indicating proteasome inhibition) and apoptosis (PARP cleavage and morphological changes) were observed. Finally, immunoprecipitation of proteasome complexes from MDA-MB-231 cells treated with TPT showed Sn only in cells treated with TPT but not the control, indicating that Sn does indeed bind to the proteasome and that TPT's target is the proteasome [116] .
Copper complexes
Copper is an essential trace element for humans; however, higher levels of copper within tumor cells have been observed in several cancers, and copper has been shown to play a role in angiogenesis [117] [118] [119] [120] . Therefore, copper chelating compounds are of great interest in cancer therapy due to their ability to bind copper (see BMetal-binding compounds^).
Copper-containing compounds are also of interest as proteasome inhibitors. Copper complexes have been shown to result in proteasome inhibition and apoptosis in leukemia cells, whereas copper salts (i.e., CuCl 2 , leading to the presence of the exa-aquo copper (II) ion in water solution) do not [121] . Pyrithione, which has metal chelating properties when combined with copper (CuPt), has been shown to inhibit the 19S DUBs and the 20S proteasome [122] . Several tested Cu(II) complexes (such as those of 8-OHQ, DSF, DDTC, and CQ) have been shown to inhibit CT-like activity in several prostate cancer lines, inhibiting the 26S proteasome and inducing apoptosis. Interestingly, proteasome inhibition was not seen in normal human breast cell line MCF-10A when tested in comparison, indicating that these complexes may be selective towards cancer cells [123] .
Other metal complexes
Zn(II) complexes have also been tested to examine their anticancer effects alongside Cu(II). A Zn(II) complex, along with a zinc salt, showed CT-like inhibitory effects when studied in vitro with purified 20S proteasome. Additionally, the zinc complex caused proteasome inhibition and apoptosis in C4-2B cancer cells and also showed specificity towards cancer cells over normal MCF-10A breast cells [124] . Gallium(III)-containing compounds are also apoptosis inducers and can inhibit CT-like activity in prostate cancer cells; in one study, they demonstrated a 70% reduction in tumor growth [125] . Complexes of cadmium, though known as contaminants and carcinogens, have demonstrated inhibition against CT-like activity and have also been shown to induce cancer cell-specific apoptosis in breast cancer lines [126] . Based on computer docking studies, these cadmium complexes are believed to inhibit the β5 subunit [126] .
Metal-binding compounds
The discovery of cisplatin in 1965 sparked great interest towards other metal complexes for the treatment of cancer. Though some were hesitant at first towards the idea of using a compound containing a heavy metal in humans, cisplatin was eventually approved for clinical use in the 1970s. While toxic at high doses, it is widely used as a chemotherapy drug for the successful treatment of many cancers at doses safe for human patients [127] . High serum or tissue levels of copper were found in many types of human cancers including breast, prostate, colon, lung, and brain, suggesting that copper could be used as a novel selective target for cancer therapies [118, [128] [129] [130] [131] [132] [133] . Today, research on copper (metal) binding compounds continues in an effort to find safer and more effective treatments for cancer. Metal-binding compounds currently being studied are coordinated to a variety of different metals, such as copper and zinc. The resulting complexes have shown effectiveness at proteasome inhibition.
8-Hydroxyquinoline and clioquinol
8-Hydroxyquinoline (Fig. 4a) is an example of one such compound. It has been studied alongside its derivative, clioquinol, for use as an anti-cancer agent. Clioquinol (Fig. 4b) was used from the 1950s through the 1970s as an anti-fungal agent. Though it is rarely used now due to toxicity problems, it is of interest for cancer therapy, perhaps as a starting point for the design of safer analogs [134] . It is known that both 8-hydroxyquinoline and clioquinol can bind to copper (in situ complexation), and that both agents exhibit potent anti-cancer effects ranging from growth suppression to apoptosis. However, the role of copper ions and copper chelation by both compounds was unclear. Therefore, one study compared 8-hydroxyquinoline and clioquinol to four analogs, named 2, 3, 5, and 6, which were highly similar in structure but unable to bind to copper [135] . Analogs 2 and 3 were similar to 8-hydroxyquinoline, and analogs 5 and 6 were similar to clioquinol. First, all of the compounds were given the opportunity to form copper complexes or for in situ complexation; as expected, the analogs did not. Next, using DCIS human breast cancer cells, it was found that 8-hydroxyquinoline and clioquinol was able to facilitate cellular copper uptake, but the non-copper binding analogs could not. The cells showed much higher intercellular copper levels after treatment with 8-hydroxyquinoline and clioquinol than with their non-copper binding analogs, though membrane permeability of each compound was very similar. Next, DCIS cells were treated with 8-hydroxyquinoline, clioquinol, and their analogs to measure their effects on cell proliferation. The non-copper binding compounds had little to no effect, but the copperbinding compounds were able to potently inhibit cell proliferation. Furthermore, both 8-hydroxyquinoline and clioquinol were found to cause proteasome inhibition and subsequent induction of apoptosis, but their non-copper binding analogs could not. Therefore, the data from this study suggests that copper binding is essential for the anti-cancer effects of 8-hydroxyquinoline and clioquinol [135] . A similar study investigating the role of copper complexing to clioquinol and pyrrolidine dithiocarbamate found that, when complexed to copper, these metal-binding compounds could cause proteasome inhibition and decreased cell proliferation in breast cancer cell lines but were unable to do so when not complexed to copper [134] .
Dithiocarbamates
Disulfiram (DSF) (Fig. 4d) , an aldehyde dehydrogenase inhibitor, is another member of the dithiocarbamate family that is of interest as an anti-cancer therapy. Able to bind to copper, DSF has a long history as an FDA-approved anti-alcoholism drug. As mentioned before, this makes DSF a particularly attractive inhibitor as it could be used as a repurposed drug. DSF gained FDA-approval for its original use in patients with alcoholism in 1951 [136] . Due to its many years in use, its dosage and safety profile are well-established, meaning development of DSF as a cancer drug would be much faster and cheaper than developing a novel compound.
When bound to copper, the DSF-Cu complex is capable of inhibiting the 20S proteasome in vitro, while unbound DSF had very little effect [137] . This effect was replicated in MDA-MB-231 cells, where DSF-Cu was able to potently inhibit the CT-like activity of the proteasome in vivo. DSF-Cu also inhibited cell proliferation and caused apoptosis in MDA-MB-231 cells. It was determined that proteasome inhibition occurs before apoptosis in DSF-Cu treated cells. Lastly, two breast cell lines (one was a tumor cell line and the other was a normal, untransformed breast cell line) were tested together with DSF-Cu treatment to determine specificity and toxicity of the DSF-Cu complex. Again, DSF-Cu (but not DSF and Cu alone) potently inhibited the proteasome and caused apoptosis in the malignant line, but not in the untransformed cells. Since the cultured cells had relatively low cellular copper levels in comparison to cancer cells in a physiological setting, another experiment was done in which MDA-MB-231 cells were cultured in media containing copper prior to treatment. Then, the disulfiram, e sodium diethyldithiocarbamate cells were treated with DSF or a control. The DSF-treated cells still underwent proteasome inhibition and apoptosis, indicating that in the presence of high intracellular copper levels, DSF can cause proteasome inhibition and apoptosis. Finally, MDA-MB-231 cells were injected into a mouse model in order to study the effects of DSF alone in a physiological setting. Knowing that cellular copper levels are higher in tumor cells in a physiological setting, it was hypothesized based on the last piece of data that DSF should have an effect on these tumors. DSF did indeed slow tumor growth dramatically in treated mice compared to control mice. Additionally, harvested tumor cells showed inhibition of CT-like activity and accumulation of apoptotic biomarkers. Therefore, DSF seems to be a potent proteasome inhibitor both in vitro and in vivo. This, in addition to its selectivity between malignant and normal cells, makes it an attractive drug candidate. Another important consideration is the fact that DSF is already FDAapproved and has a well-established safety profile, which could make development of DSF as an anti-cancer therapy much easier [137] . Another member of the dithiocarbamate family, sodium diethyldithiocarbamate (or DDTC) (Fig. 4e) , is also a known chelator of copper. Previously studied for the treatment of AIDS, it was also studied as a proteasome inhibitor for anticancer therapy. First, DDTC and copper were mixed and allowed to form a complex. As predicted, DDTC was able to bind to copper. Next, DDTC-Cu was tested in two prostate cancer cell lines, LNCaP and C4-2B. It was able to significantly inhibit the CT-like activity in both lines, while DDTC and copper alone showed little to no effect. Additionally, AR levels dropped in these lines, and induction of apoptosis occurred. CT-like activity could also be inhibited in MDA-MB-231 and MCF-7 breast cancer lines by DDTC-Cu. Visible morphological changes were observed in these cells when treated by DDTC-Cu, but not when treated with DDTC or Cu alone. Again, this data showed that copper binding is an essential part of DDTC's role in cancer cells [138] .
Pyrrolidine dithiocarbamate (Fig. 4c) itself is also of interest as a proteasome inhibitor. A member of the dithiocarbamate family, which is both metal chelator and anti-oxidant, pyrrolidine dithiocarbamate has been shown to be a good potential anti-cancer agent when bound to copper, but its effects when bound to other metals, such as zinc, were unknown. To test this, pyrrolidine dithiocarbamate was mixed with zinc (II) chloride or copper (II) chloride, and the mixtures were first tested for their ability to inhibit purified 20S proteasome alongside zinc (II) chloride and copper (II) chloride alone. All were found to inhibit the 20S proteasome, with copper (II) chloride performing best for the metals alone and the pyrrolidine dithiocarbamate-copper mixture performing best for the latter. Next, it was found that the pyrrolidine dithiocarbamate-zinc mixture was indeed able to inhibit proteasome activity in MDA-MB-231 breast cancer cells in a dose-dependent manner. Both mixtures were found to induce apoptosis in these breast cancer cells, as well as MCF-7 breast cancer cells, DCIS cells, and PC-3 cells. When cells were pretreated with a calpain inhibitor, however, the mixtures did not achieve such potent induction of apoptosis, indicating that calpain is likely involved in apoptosis caused by zinc and copper mixtures with pyrrolidine dithiocarbamate [139] . Also, a series of complexes with DDTC ligand and three different metals (Ni, Cu, Zn) was tested in human breast cancer MDA-MB-231 cells. Zinc and copper complexes, but not nickel complex, were found to be more active against cellular 26S proteasome than against purified 20S proteasome core particle. One of the possible explanations is inhibition of JAMM domain in the 19S proteasome lid [140] . It is also possible that they inhibit other 19S proteasome associatedDUBs (see below section). There is a most recent report in which the authors report on the synthesis, physico-chemical characterization, and solution behavior of two gold(III) pyrrolidine dithiocarbamates (PDT), namely [Au(III)Br2(PDT)] and [Au(III)Cl2(PDT)]. They found that the bromide derivative was more effective than the chloride one in inducing cell death for several cancer cell lines. [Au(III)Br2(PDT)] elicited oxidative stress with effects on the permeability transition pore, a mitochondrial channel whose opening leads to cell death [141] .
Pyrithione
It has been reported that metal-containing compounds could induce cytotoxicity in many cancer cells via targeting the UPS. Similar to DSF, pyrithione (PT) also has excellent metal chelating properties, and the zinc complex of pyrithione, for example, has been found to have significant anti-cancer effects. Several studies by using pyrithione as a metal-binding compound have found that besides the inhibitory effect of PT itself on proteasome function, different metal pyrithione compounds (copper, zinc, nickel, platinum) exhibit a dramatic difference on proteasome function and cytotoxicity, demonstrating the metals' contributing effect. For example, at effective doses, only CuPT but not NiPT, ZnPT, and PtPT inhibits the 20S proteasome peptidases; all of them inhibit the 19S-DUBs [142] [143] [144] [145] .
Conclusions and perspectives
In 2003, BTZ was approved by the FDA as the first 20S proteasome inhibitor anti-cancer drug, for the treatment of multiple myeloma (MM). Since then, BTZ-based therapies have become a staple for treating patients with multiple myeloma at all stages. Thanks to BTZ and other immunomodulatory drugs, the survival rate of MM patients has significantly increased. However, BTZ has several shortcomings, including dose-limiting peripheral neuropathy and relapse or development of resistance in many patients. To overcome these limitations, several second-generation proteasome inhibitors have been developed and tested first preclinically and then clinically, including the FDA-approved CFZ. In addition, researchers have looked into other targets of the UPS, such as E3 ligases and 19S DUBs, in order to discover new, novel anti-cancer drugs and/or to overcome BTZ resistance.
Similar effort has been put in the areas of natural compounds and old drug repositioning. Given the high cost of new drug discovery, it is not surprising that natural compounds and repurposed drugs have become such popular research subjects recently. In addition to their cost effectiveness, they also have a multitude of benefits over their current chemotherapy counterparts, often including good selectivity, lower toxicity, and more widespread availability. Natural compounds, especially traditional Chinese herbs, have been in use for centuries for treatment of an astoundingly large variety of ailments. Though their effects and benefits are well known among local communities, it is important that these compounds are characterized officially through scientific research so that they can be used safely in the clinical as well. Also, derivatives, prodrugs, and synthetic analogs can be designed based on natural compounds in order to improve their safety profile, circumvent bioavailability issues, and increase potency. In this article, we have reviewed many natural compounds and old drugs that have proteasome-inhibitory activity, providing alternative approaches for developing proteasome inhibitor anticancer drugs at low cost.
Importantly, natural proteasome inhibitors (unlike BTZ) can be used for cancer prevention. Given the availability and lack of the adverse effects seen in other anti-cancer therapies, it is not surprising that the bioactive molecules found in foods are being explored as cancer preventatives. These molecules, such as green tea polyphenol EGCG (which has potent proteasome-inhibitory activity), have been shown to cause cell cycle arrest and apoptosis, which can interfere with cancer formation at multiple stages. Curcumin serves as another example of a natural proteasome inhibitor compound. Curcumin, in combination with resveratrol in liposome encapsulation, decreased the occurrence of prostate cancer.
Many bioactive molecules can induce anti-oxidative reactions and/or detoxifying enzymes which can prevent tumor development due to DNA damage and remove carcinogens. This encourages their use as cancer preventatives. Sulforaphane and EGCG, which are inhibitors of 19S DUBs and the 20S proteasome, respectively, are effective antioxidants and activate phase II detoxifying enzymes. Flavonoids, many of which are 20S proteasome inhibitors as reviewed, specifically show an inverse relationship with the risk of colon, breast, and prostate cancers. The more flavonoid-rich food consumed, the lower the risk.
Researchers are currently working to utilize food derived cancer preventatives. They must overcome poor solubility and low bioavailability related to varying absorption rates, chemical/biochemical instabilities, and transformational behaviors of the active molecules. Such hurtles have also made it difficult to determine dose amounts, which in turn hinders the use of bioactive molecules from food. As more is understood about these bioactive molecules, they may become pivotal preventative measures for numerous types of cancer.
Continuing research with polyphenols and flavonoids supports their use as cancer therapy treatments, as they demonstrate potent proteasome-inhibitory activity, low toxicity, and tumor selectivity. Their abundance in nature and the body's ability to recognize and use dietary medicinal compounds lends further greater study. Selective inhibition of tumor proteasome could lead to induction of apoptotic activities in many varieties of cancer and help increase the efficacy of existing and approved drugs. In summary, proteasome inhibition is a promising area for the search for safe and effective cancer treatments and prevention, and natural compounds may prove to be an invaluable source for the next generation of successful proteasome inhibitors. It should be mentioned that in addition to targeting 20S and 19S proteasomes for treating cancers as reviewed here, researchers have been searching for compounds that could selectively inhibit upstream events of the ubiquitin-proteasome pathway, including E1, E2, and E3 enzymes as well as ubiquitin-binding proteins, for improving the current status of cancer therapies [146] [147] [148] [149] .
